ABSTRACT Widespread mortality of eastern hemlock, Tsuga canadensis (L.) Carriè re, resulting from infestation by hemlock woolly adelgid, Adelges tsugae Annand (Hemiptera: Adelgidae), has occurred throughout the native range of eastern hemlock within the eastern United States. Imidacloprid, a systemic insecticide, is one of the primary chemical compounds used to control hemlock woolly adelgid in both urban and, in a limited manner, in natural forest environments. The metabolism of imidacloprid in eastern hemlock produces 12 metabolites; two of these, imidacloprid 5-hydroxy and imidacloprid oleÞn, are considered toxicologically important metabolites. However, little is known about the persistence of these metabolites in eastern hemlock in the southern Appalachians. Concentrations of imidacloprid, oleÞn, and 5-hydroxy were quantiÞed by using HPLC/MS/MS techniques. Over the 3-yr study, concentrations of imidacloprid and consequent 5-hydroxy and oleÞn were highest in trees treated with a soil injection in the spring. Imidacloprid and 5-hydroxy concentrations in sap were highest at 12 mo posttreatment and in tissue at 15 mo posttreatment. Imidacloprid was detected through 36 mo posttreatment and 5-hydroxy was detected through 15 mo posttreatment. OleÞn concentrations in both sap and tissue were highest at 36 mo posttreatment and were detected in high concentrations through 36 mo posttreatment. Concentrations of imidacloprid were highest in the bottom stratum of the canopy and lowest in the top stratum. Concentrations of oleÞn and 5-hydroxy were highest in the top stratum and lowest in the bottom stratum.
Extensive mortality of eastern hemlock, Tsuga canadensis (L.) Carriè re, resulting from infestation by hemlock woolly adelgid, Adelges tsugae Annand (Hemiptera: Adelgidae), has occurred throughout the eastern United States, where it is the predominant species on nearly 1 million hectares (Schmidt and McWilliams 2000) . Eastern Hemlock is considered a foundation species representing a vital component of biological diversity and contributing to the environmental stability of the forests within its geographical range (Buck et al. 2005 , Dilling et al. 2007 ). As such, management of the exotic hemlock woolly adelgid is imperative. Insecticides offer an immediate and effective management tactic in accessible areas. The efÞcacy of insecticides ranges from a few weeks to a few years and represents an important short-term control tactic until more long-term solutions, such as using biological control agents, can be established as part of an integrated pest management plan.
The primary insecticide used to manage hemlock woolly adelgid is imidacloprid, a systemic insecticide transported by the xylem and diffused into the xylem ray parenchyma cells located within twigs , where the hemlock woolly adelgid feeds (McClure 1987 (McClure , 1991 Young et al. 1995) . Imidacloprid is a neonicotinoid, which acts as an agonist at the acetylcholine receptors of the central nervous system, resulting in death within 24 Ð 48 h after contact or ingestion. Imidacloprid can be applied by using soil drench, soil injection, trunk injection, time-release tablet, and foliar spray application methods. Soil drench, soil injection, and foliar application require water. The need for large quantities of required water limits application to where water is readily available. The utility of these application methods are also limited by adverse terrain, mass coverage area, and required equipment and water. Bayer Corporation (Research Triangle Park, NC) introduced an imidacloprid product, CoreTect, which is a waterless time-release tablet that is placed directly in the soil, and is capable of removing these adverse constraints. Differences in concentrations of imidacloprid found in the canopy of eastern hemlocks have been shown to occur across different formulations (Cowles et al. 2006 , Dilling et al. 2010 ). However, it is unknown if disparities in the spatial and temporal dynamics of imidacloprid in eastern hemlocks occur between trees treated by using tablets and those treated by using standard soil injection formulations.
Imidacloprid can be applied year round, although it is believed to be most effective against hemlock woolly adelgid when applied in the fall or spring , Tattar et al. 1998 , Cowles et al. 2006 . The treatment rate varies depending on formulation and tree diameter at breast height (DBH). For example, the recommended rates for soil drench, soil injection, and tree injection treatments range from 0.75 to 1.5 g (active ingredient [AI])/2.5 cm DBH. Because transpiration occurs year round in eastern hemlocks in southern Appalachians, it allows for constant movement of imidacloprid throughout the tree (Ford and Vose 2007) . It is unknown if disparities in insecticide concentrations within the tree exist as a result of seasonal timing of application (summer, fall, winter, and spring).
Imidacloprid has been shown to persist in the tree canopy (Tattar et al. 1998 , Cowles et al. 2006 , Turcotte 2007 , Cook 2008 , Dilling et al. 2010 in concentrations that control hemlock woolly adelgid for several years (Cowles et al. 2006; Dilling et al. 2007 Dilling et al. , 2010 Cook 2008) . The metabolism of imidacloprid in plants produces two metabolites of toxicological interest, 5-hydroxy and oleÞn (Nauen et al. 1998, Schö ning and Schmuck 2003) . The oleÞn metabolite has been shown to be at least 10 times more active than its parent compound against the green peach aphid, Myzus persicae (Sulzer), and the cotton aphid, Aphis gossypii Glover (Nauen et al. 1998 ). The 5-hydroxy metabolite, although slightly less active and persistent than the parent imidacloprid (Nauen et al. 1998) , still retains insecticidal properties. These Þndings suggest a more long-term residual effect resulting from the breakdown of imidacloprid, resulting in longer management of pest insects (Nauen et al. 1998 , Cook 2008 . Little is known about the temporal and spatial distribution of these metabolites within eastern hemlock.
Imidacloprid has been demonstrated to be both heterogeneously (Dilling et al. 2010 ) and homogeneously (Cook 2008 ) distributed throughout the canopy. These differences may be partially explained by multiple physiological, environmental factors, and differences in the size of the trees sampled. One explanation for these disparities may be temporal differences in transpiration. In the southeastern United States, eastern hemlocks transpire year round, with peak transpiration rates occurring in the spring, before the emergence of leaves on co-occurring hardwoods, with the lowest transpiration occurring in December and January (Ford and Vose 2007) . In the northeastern United States, eastern hemlocks have a lower transpiration rate in the spring and no transpiration occurring in the winter (Catovsky et al. 2002) . In the Cherokee National Forest in southeastern Tennessee, Dilling et al. (2010) found a general trend in the distribution of imidacloprid within full canopies of eastern hemlock, in which imidacloprid concentrations decreased as stratum height increased. Cook (2008) found no differences in the vertical distribution of imidacloprid from foliage samples collected from West Virginia, Connecticut, and Pennsylvania. Differences in environmental conditions at these sites and physiological variations in the trees may be important factors inßuencing these differing results. However, understanding these regional disparities is important to establish effective management tactics. Because hemlock woolly adelgid settles and feeds throughout the canopy, distribution of effective concentrations throughout the canopy is an important factor for the management of this invasive pest. The objective of this 3-yr study was to determine the effect of treatment timing (fall, winter, spring, and summer) and formulation (pellet and soil injection) on imidacloprid, oleÞn, and 5-hydroxy concentrations at bottom, middle, and top strata within the canopy of eastern hemlock to better understand the spatial and temporal dynamics of these compounds in the southern Appalachians.
Materials and Methods
Study Site-Experimental Design. Eastern hemlocks (n ϭ 60) with moderate adelgid populations (35Ð50% branch infestation) were selected at the Indian Boundary in Cherokee National Forest in southeastern Tennessee (35Њ 23Ј06.728Љ N, 84Њ 06Ј23.529Љ W, elevation: 567 m) on 5 May 2008. The test site was arranged into Þve blocks of 12 trees divided into three subplots of four trees, with each subplot in a block randomly receiving one of three treatments (soil injection, pellet, or untreated control) and the timing of the application randomly allocated among the four trees in each subplot; thus, the two application factors were applied to the trees (subjects) in a split-plot complete randomized block design. One of the trees in the subplot was treated in the summer (July 2008), one in the fall (November 2008), one in the winter (January 2009), and one in the spring (April 2009). Each tree was marked with a numbered metal identiÞcation tag. Tree characteristics were documented (tree height, DBH, density, crown class, crown condition, live crown ratio, foliage color, hemlock woolly adelgid infestation level, and overall health). All trees had approximately similar heights (12Ð15 m) and DBH (23.5Ð29.5 cm). Tree selection was limited to those eastern hemlocks with a maximum height of 15 m to be able to reach the top strata for branch collection with a pole pruner. Trees with heavy populations of hemlock woolly adelgid were not selected because of the density-dependent feedback mechanism known to cause population crashes in the northeastern United States (McClure 1991).
Insecticide Application. CoreTect tablets were applied to the soil as speciÞed by the label (i.e., 1 g AI/2.5 DBH applied as two tablets per centimeter DBH). This treatment was compared with soil injections made by using the Kioritz soil injector (Kioritz Corp., Tokyo, Japan) for uptake and concentration of imidacloprid. Merit 75 WP insecticide (Bayer, Kansas City, MO) was diluted to 1 g (AI)/2.5 DBH in 60 ml of water. Soil injections were made by using the basal system in which injections were spaced evenly around the tree at a depth of 7 cm below the soil surface, with individual injections delivering 30 ml of insecticide based on label speciÞcation.
Sampling Design. To monitor translocation of imidacloprid within the tree, each tree was divided into three strata (bottom, middle, and top), with each stratum representing approximately one-third of the tree. Each tree was sampled spatially within the tree canopy (strata), within each stratum (sap and tissue), and temporally (through time). Branch samples were taken every week posttreatment until initial uptake (occurring within 2 wk) was determined and then every 3 months posttreatment for 3 years. Four (24-cm) branch clippings were taken randomly at each stratum (bottom, middle, and top), with higher stratum accessed by using a 10-m pole pruner. Branch samples were immediately placed in plastic bags, packed in ice, transported to the laboratory, and stored in a freezer at Ϫ20ЊC until sap extraction from branches was performed.
Sample Preparation. Sap was extracted by using a pressure chamber (PMS instrument Co., Albany, OR). The terminal 12-cm section of the 24-cm branch was placed with the excised end of the branch inserted into a gland gasket and the remaining portion of the branch placed into the pressurized chamber. The chamber was incrementally pressurized with nitrogen to 575 psi (40 bars). Branch sap sample size consisted of 300 Ð 400 l of sap micro-pipetted from a collecting chamber located on top of the pressure chamber and placed into 500-l amber vials. Sap was placed into the freezer at Ϫ18ЊC until chemical extraction and cleanup could be initiated. Determination of concentrations in sap (parts per billion, ppb) is based on sample volume (microgram per liter).
To determine the amount of imidacloprid in twig and needle tissue, the nonterminal 12-cm portion of the 24-cm clipped branch was dried in a drying oven at 60ЊC for 2 h. The dried tissue was pulverized by using a coffee grinder (KitchenAid, model BCG1000OB, Shelton, CT). Samples were then placed in amber vials to prevent photodegradation. Determination of concentrations in twig and needle tissue is based on sample dry weight (microgram per kilogram).
To determine imidacloprid concentration in sap and tissue, the chemical extractions, sample clean-up, and high pressure liquid chromatography coupled with tandem mass spectroscopy (HPLC/MS/MS) quantiÞcation protocol established by Schö ning and Schmuck (2003) were used, except for the modiÞca-tion of replacing methanol as an extracting solvent with acetonitrile to avoid possible inßated recoveries of metabolites (Cook 2008) . Acetonitrile has been reported as having higher rates of recovery and no overinßation of imidacloprid, oleÞn, and 5-hydroxy in eastern hemlock tissue (Cook 2008) .
HPLC/MS/MS Parameters. HPLC/MS/MS was conducted by using an HewlettÐPackard HP 1100 high-pressure liquid chromatograph coupled with a tandem triple quadrupole Applied Biosystems API 3000 mass spectrometer Þtted with a Phenomenex Luna C18 reversed phase column (15 cm in length by 4.6 mm inner diameter). Parameters for the HPLC/ MS/MS were injection volume: 50 l, oven temperature: 40ЊC, mobile phase A: water ϩ 0.1 ml acetic acid per liter, mobile phase B: acetonitrile ϩ 0.1 ml acetic acid per liter, gradient; 0 Ð10 20% mobile phase B, 11Ð15 min. 90% mobile phase B, 16 Ð19 min. 20% mobile phase B, stop time: 19 min., ßow (column/MS): 1.0/ 0.15 ml/min. Retention times were Ϸ4.6, 5.4, and 9.1 for oleÞn, 5-hydroxy, and imidacloprid, respectively. Parameters for the MS/MS were electrospray interface, turbo-ion spray potential: ϩ5,000 V, temperature: 300ЊC, scan type: multiple reaction monitoring, polarity: positive and collision gas: Calculations and Data Analysis. Residuals in ppb of imidacloprid and two of its metabolites were calculated by using the average of peak areas of imidacloprid, oleÞn, and 5-hydroxy and conversions for each analyte by the formula described by Schö ning and Schmuck (2003) . Representative chromatograms of imidacloprid (Fig. 1a) , oleÞn (Fig. 1b) , and 5-hydroxy (Fig. 1c) indicated signiÞcant separation of these compounds. Imidacloprid, oleÞn, and 5-hydroxy concentration data were converted from nanograms per gram of each analyte to ppb placed into an Excel Þle. Data were analyzed by using the SAS (SAS Institute 2005) procedure PROC MIXED. Repeated-measures analysis of variance was used to determine main effects and interactions of formulation and application timing on imidacloprid, 5-hydroxy, and oleÞn concentrations in eastern hemlock sap and tissue taken from different stratum. Formulation and application timing are Þxed factors, block is the random factor in which the effect is not tested, and stratum is the repeated-measures factor. Interaction terms with block were used as error terms. MauchlyÕs test of sphericity was indicated that the assumption of sphericity was met. Where signiÞ-cance was determined from repeated-measures analysis of variance for differences in imidacloprid, 5-hydroxy, and oleÞn concentration among different formulations and application timings, the TukeyÕs honest signiÞcant difference (HSD) test was performed for mean separation. Regression (cubic and linear) was used to examine temporal trends, and parameters of subsequent regression were compared with one another.
Results and Discussion
Treatment Effects Between Trees. Over the 3-yr study period, formulation and timing of application December 2013 COOTS ET AL.: IMIDACLOPRID, OLEFIN, 5-HYDROXY IN EASTERN HEMLOCKwere signiÞcant main effects for imidacloprid, 5-hydroxy, and oleÞn concentrations in sap and tissue (Table 1 ). The detection of these compounds in the sap indicates continuous movement of these compounds throughout the tree, whereas detection in the tissue indicates accumulation of these compounds within eastern hemlock tissue. No signiÞcant interactions between formulation and timing of application occurred in sap and tissue (Table 1) , indicating the effects of formulation and timing of application are additive. Concentrations of imidacloprid, 5-hydroxy, and oleÞn in samples from control trees (untreated) were below the limit of detection and/or were not present; thus, controls were not included in statistical analysis. SigniÞcant differences in concentrations of imidacloprid and consequent 5-hydroxy and oleÞn production occurred between trees treated with tablets and those treated with soil injection formulations. Trees treated with a soil injection had signiÞcantly higher (TukeyÕs HSD; P Ͻ 0.0001) concentrations of imidacloprid and subsequent metabolitesÕ, 5-hydroxy and oleÞn, production in sap and tissue. Trees treated in the spring had signiÞcantly higher (TukeyÕs HSD; P Ͻ 0.0001) concentrations of imidacloprid and the metabolites 5-hydroxy and oleÞn in sap and tissue. Concentrations of imidacloprid, 5-hydroxy, and oleÞn were not signiÞcantly different (TukeyÕs HSD; P Ͻ 0.0001) in trees treated in fall, winter, and summer in sap or tissue. Concentrations of imidacloprid, 5-hydroxy, and oleÞn were signiÞcantly lower (TukeyÕs HSD; P Ͻ 0.0001) in sap than in tissue between all trees. Knowledge of the effects of differences in formulation and timing of application is critical to develop optimal management strategies. Our data suggest that a spring treatment with soil injection yields the highest concentration of pesticidal compounds in both sap and tissue. Spatial Effects Within Trees. Within trees, stratum was a signiÞcant main effect for imidacloprid, 5-hydroxy, and oleÞn concentrations in both sap and tissue (Table 1) . Concentrations of imidacloprid were signiÞcantly higher in the bottom stratum (TukeyÕs HSD; P Ͻ 0.0001) in both sap and tissue. Concentrations of imidacloprid signiÞcantly declined (TukeyÕs HSD; P Ͻ 0.0001) from bottom stratum to top stratum in both sap and tissue. Concentrations of 5-hydroxy and oleÞn were highest in the top stratum and progressively declined (TukeyÕs HSD; P Ͻ 0.0001) from top stratum to bottom stratum. A similar trend in spatial distribution of imidacloprid concentrations has previously been documented by Dilling et al. (2010) in eastern hemlocks treated by soil drench and soil injection. Although initial concentrations of imidacloprid were signiÞcantly lower (TukeyÕs HSD; P Ͻ 0.0001) in the top stratum relative to the bottom and middle strata, a higher metabolic activity can occur because of a variety of factors (time, temperature, or moisture), demonstrated by a rapid appearance and high concentrations of these metabolites compared with areas with a higher concentration of imidacloprid but lower metabolic rates, resulting in a slower appearance and lower concentrations of metabolites.
Hemlock woolly adelgid infestations tend to exhibit a clumped distribution throughout the tree, although vertical stratiÞcation of this species is not apparent. As such, distribution of imidacloprid, oleÞn, and 5-hydroxy in effective concentrations throughout all strata in the canopy is tantamount for effective control. Whereas the highest concentrations of imidacloprid were detected in the bottom stratum, the highest concentrations of oleÞn, a more toxic compound, were detected in the top stratum, thus the insecticidal effects should be more rapidly detected in the top stratum. In this study, the detected oleÞn concentrations were at or above concentration levels equated with high levels of pest mortality in other systems (Nauen et al. 1998) .
Temporal Distribution of Imidacloprid, Olefin, and 5-hydroxy. Regressions indicate strong temporal trends in imidacloprid, oleÞn, and 5-hydroxy concentrations among formulations and strata in both sap Formulation and application timing are Þxed factors, and block is the random factor in which the effect is not tested. Stratum is the repeated-measures factor. *SigniÞcant P Ͻ 0.05.
( Fig. 2) and tissue (Fig. 3) . Imidacloprid was detected in both sap and tissue in tablet and soil injection formulations between 3 and 36 mo posttreatment. Imidacloprid concentrations in sap were highest 12 mo posttreatment and in tissue 15 mo posttreatment in both tablet and soil injection application methods. Concentrations of oleÞn were detected 6 Ð36 mo posttreatment in sap and tissue and were highest 36 mo posttreatment and lowest 6 mo posttreatment in tablet and soil injection formulations. Concentrations of 5-hydroxy were detected 6 Ð21 mo posttreatment in sap and tissue and were highest 12 mo posttreatment and lowest 21 mo posttreatment. Similar results were recorded for imidacloprid in eastern hemlocks treated by soil injections and soil drench (Dilling et al. 2010) . The temporal differences in concentrations of imidacloprid, oleÞn, and 5-hydroxy were expected based on the previous work on the metabolism of imidacloprid in plants (Wamhoff and Schneider 1999) . However, the rates at which imidacloprid metabolizes can vary from tree to tree, based on environmental and physiological factors (i.e., changes in pH, temperature, catalyst concentrations, and light). These factors can inßuence metabolic activity, such as hydroxylation, oxidation, isomerization, or dehydration of metabolic molecules. The imidacloprid molecule consists of three functional groups: chloropyridinylmethyl, imidazolidine, and nitroimine. After imidacloprid is introduced into the tree, it can undergo processes that will hydrolyze, oxidize, isomerize, or dehydrate it to make 13 primary metabolites (Wamhoff and Schneider 1999) . The imidazolidine group in imidacloprid can undergo hydroxylation in which 5-hydroxy forms (Wamhoff and Schneider 1999) . Further hydroxylation results in the production of dihydroxy, and subsequent dehydration resulting in the production of oleÞn (Wamhoff and Schneider 1999) . The metabolic pathway of imidacloprid has been documented in apples, potatoes, corn, and eggplant (Placke and Weber 1993) . Of these plants, apples result in similar oxidative pathways as eastern hemlock, resulting in higher concentration of oleÞn relative to 5-hydroxy (Placke and Weber 1993) . Data in this study support this chronological metabolite production, in which the initial compound detected is imidacloprid followed by 5-hydroxy and oleÞn.
Synchronizing effective chemical concentrations with active hemlock woolly adelgid feeding times is important for effective control strategies. The lifecycle of hemlock woolly adelgid is parthenogenetic and bivoltine on eastern hemlock, the winter generation (i.e., sistens) is present in the southern Appalachians from mid-July through mid-March and the spring generation (i.e., progrediens) is present in the southern Appalachians from mid-March to mid-June (Deal 2006) . Feeding in the sisten generation usually occurs from November to March in the southern Appalachians. Feeding in the progredien generation oc- curs in April to mid-June in the southern Appalachians. Effective management of hemlock woolly adelgid has been correlated with imidacloprid concentrations of Ͼ120 ppb in a forest setting (Cowles et al. 2006 ). These concentrations have been observed at 3 mo posttreatment in trees tissue treated with a soil injection. Trees treated with the tablet formulation were slower to accumulate concentrations Ͼ120 ppb, and reached effective concentrations at 12 mo posttreatment. Knowledge of the active feeding times of both generations of hemlock woolly adelgid provides a target time range between November and May to accumulate effective concentrations. Therefore, soil injection treatments made in the spring would facilitate maximal uptake of effective concentrations of imidacloprid to synchronize with the active feeding time of hemlock woolly adelgid in the southern Appalachians. Based on data from this study, tablet treatments made in November would take 1 yr to reach effective concentrations that would provide effective suppression in the subsequent years. The effect of oleÞn and 5-hydroxy on hemlock woolly adelgid is unknown and should be an area of future research.
We conclude that imidacloprid, a systemic insecticide, is one of the primary chemical compounds used to manage hemlock woolly adelgid in both urban and, a limited manner, in natural forest environments. With the widespread distribution of hemlock woolly adelgid within forests, optimizing management of this invasive species is imperative. Imidacloprid concentrations progressively declined from the bottom stratum to the top stratum of treated trees. The metabolism of imidacloprid in eastern hemlock results in the production of 5-hydroxy and oleÞn, which progressively increased from the bottom stratum to the top stratum. Imidacloprid and 5-hydroxy concentrations in sap were highest at 12 mo posttreatment and in tissue were highest at 15 mo posttreatment. Imidacloprid was detected through Month 36 posttreatment and 5-hydroxy was detected through Month 15 posttreatment. OleÞn concentrations in sap and tissue were highest at 36 mo posttreatment, and it was detected in high concentrations through 36 mo posttreatment. Knowledge of the spatial and temporal dynamics of these pesticidal compounds is important to understand to synchronize effective concentrations with the active feeding times of hemlock woolly adelgid for optimized management.
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